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The axon initial segment (AIS) is a structure at the start of the axon
with a high density of sodium and potassium channels that defines
the site of action potential generation. It has recently been shown
that this structure is plastic and can change its position along the
axon, as well as its length, in a homeostatic manner. Chronic activity-
deprivation paradigms in a chick auditory nucleus lead to a length-
ening of the AIS and an increase in neuronal excitability. On the other
hand, a long-term increase in activity in dissociated rat hippocampal
neurons results in an outwardmovement of the AIS and a decrease in
the cell’s excitability. Here, we investigated whether the AIS is capa-
ble of undergoing structural plasticity in rat hippocampal organotypic
slices, which retain the diversity of neuronal cell types present at
postnatal ages, including chandelier cells. These interneurons exclu-
sively target the AIS of pyramidal neurons and form rows of pre-
synaptic boutons along them. Stimulating individual CA1 pyramidal
neurons that express channelrhodopsin-2 for 48 h leads to an out-
ward shift of the AIS. Intriguingly, both the pre- and postsynaptic
components of the axo-axonic synapses did not change position after
AIS relocation. We used computational modeling to explore the func-
tional consequences of this partial mismatch and found that it allows
the GABAergic synapses to strongly oppose action potential genera-
tion, and thus downregulate pyramidal cell excitability. We propose
that this spatial arrangement is the optimal configuration for a ho-
meostatic response to long-term stimulation.
axon initial segment | chandelier cells | optogenetics | intrinsic plasticity |
homeostatic plasticity
Neurons receive a large number of synaptic inputs along thesomato-dendritic compartment that integrate at the axon
initial segment (AIS) to fire an action potential (AP) (1–3). As
an important site for transforming graded synaptic inputs into
all-or-none APs, it is also a potentially sensitive target for the
modulation of neuronal excitability (4, 5). In fact, one interesting
aspect of principal neurons in the hippocampus and cortex is the
presence of a unique type of GABAergic axo-axonic synapse that
forms onto the AIS and controls neuronal output (6, 7). These
synapses are formed by a specific group of fast-spiking in-
terneurons, the chandelier cells, that are generally found sparsely
distributed in the brain and have therefore been difficult to study
in the past (6, 8). However, the recently developed transgenic
mouse lines that can label chandelier neurons more selectively
have begun to shine light on their form and function (9). In the
cortex, the axonal “cartridges” of synaptic boutons that form
onto the AIS are generally found on the more distal AIS domain,
where the AP is thought to initiate (9). Although there is little
information on the role of these interneurons in network func-
tion, they have been implicated in a number of events, including
driving negative feedback in the dentate gyrus (10), modulating
the emergence of sharp waves in the hippocampus (11), pro-
viding complex inhibitory-excitatory feedforward loops in the
cortex (12), as well as shunting and filtering out APs back-
propagating from ectopic initiation sites in the hippocampus
(13). In addition, there is an ongoing debate as to whether axo-
axonic synapses depolarize or hyperpolarize postsynaptic pyra-
midal neurons (14), although in conditions mimicking in vivo-like
oscillations, they act mainly as inhibitors of excitability (15). The
emerging picture is one where chandelier cells play an important
role in modulating neuronal output at the AIS, but the precise way
in which this happens remains to be properly established.
More recently, longer-term forms of modulation have been
described at the AIS in response to chronic alterations in neuronal
activity (16–20). For example, sensory deprivation of chick brain-
stem auditory neurons caused an increase in the length of the AIS,
which was paralleled by an increase in neuronal excitability (18).
Conversely, in dissociated hippocampal neurons, increases in neu-
ronal activity through either application of hyperkaelimic solution
or by optogenetic means resulted in the distal relocation of the AIS,
which correlated with a decrease in excitability (16, 17). These ex-
citing forms of structural and functional plasticity have raised many
questions that remain unanswered. For example, what happens to
axo-axonic synapses when the AIS relocates? Do they also relocate
to remain in register with the AIS or do they remain static, causing
a mismatch between the two? Implicit in this question is the idea
that different spatial arrangements between the AIS and axo-axonic
synapses (eg: “in register” versus “mismatched”) could have very
different consequences on neuronal output.
In this study we performed optogenetic activation of individual
CA1 pyramidal neurons and show that activity-dependent re-
location of the AIS occurs in hippocampal slices. However, the
axo-axonic synapses that form on the AIS do not change their
position, resulting in a mismatch between the two compartments.
By using computational modeling of a typical CA1 neuron, we
find that the distal relocation of the AIS, together with the ac-
tivation of axo-axonic synapses in the proximal axonal domain, is
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the perfect combination for decreasing neuronal excitability. Our
findings suggest that the interplay between the position of the AIS
and its synapses is another important player in the set of homeostatic
responses used by neurons to adapt to chronic changes in activity.
Results
In principal neurons of the hippocampus and cortex, the AIS
receives GABAergic synaptic modulation through axo-axonic
synapses formed by chandelier interneurons (6, 21). We set out to
label the AIS and its corresponding axo-axonic synapses in CA1
and CA3 pyramidal neurons from organotypic slices of the hip-
pocampus. Staining for ankyrin-G (AnkG) resulted in a strong
label of the AIS (Fig. 1). Axo-axonic synapses were colabeled with
antibodies against either gephyrin, the postsynaptic structural
marker for GABAergic synapses, or against the α2 subunit of
GABAA receptors (GABAAα2), which is preferentially targeted to
synapses along the AIS (22). Labeling of presynaptic GABAergic
boutons by staining for the vesicular GABA transporter, VGAT,
resulted in a strong colocalization with both postsynaptic markers.
Close examination of the images showed that although AIS length
was comparable between CA1 and CA3 neurons, the density and
overall number of axo-axonic synapses formed onto the AIS of
CA3 neurons was larger than that of CA1 cells (Fig. 1 B and C).
The spatial distribution of synapses along the AIS was similar in
both neurons and, interestingly, many synapses were found beyond
the AIS (19, 23). This finding was further confirmed by imaging
chandelier cell axons forming axo-axonic synapses along and be-
yond the AIS of CA1 neurons (Fig. 1F). One striking observation
that was apparent in the confocal images of the thick CA3 axons
was the heterogeneous distribution of the AnkG stain, showing
gaps or holes along the axon. More importantly, we found that
these AnkG-empty domains were often filled (or partially filled)
with staining for postsynaptic markers of axo-axonic synapses (Fig.
1 D and E), as previously described (24). Although we did not see
a similar staining pattern in the much thinner CA1 neurons, pre-
vious work using superresolution microscopy did show a separation
of AIS and synaptic compartments, suggesting that this is a general
feature of pyramidal neurons in the hippocampus and neocortex
(24). These findings suggest the existence of two separate domains
within the AIS, governed by different scaffolding proteins that form
nonoverlapping macromolecular complexes and may therefore be
controlled independently of each other. Because the AIS has been
shown to undergo an activity-dependent relocation of its AnkG-
based domain in dissociated hippocampal neurons (16, 17, 19), we
sought to establish whether axo-axonic synapses also relocated, to
remain in register with the AIS.
Single-Cell Optogenetic Stimulation Induces AIS Relocation in Organotypic
Hippocampal Slices. We performed chronic stimulation of indi-
vidual CA1 pyramidal neurons expressing channelrhodopsin-2
(ChR2), using a previously described optogenetic approach
(17). As controls, we used EGFP-expressing neurons from sis-
ter slices, grown in the same incubator, exposed to the same
amount of blue LED light. After fixing and staining for AnkG,
the spatial distribution of the AIS was measured in 3D (Figs. 1A
and 2 A and B). One immediate observation from these images
was that CA1 neurons could be classified into two broad
morphological groups: those with an AIS that rises from the
soma and those that branch off from a basal dendrite (25).
Regardless of the morphology of the neuron, stimulated neu-
rons showed a change in the position of the AIS such that the
start, maximum, and end position of the AnkG stain was sig-
nificantly shifted along the axon by about 12 μm. This finding
was also true when measurements were taken from the axon
origin, be it a basal dendrite or the soma. The length of the AIS
did not change. Previous findings (17) have linked changes in
AIS structure to changes in neuronal excitability. Indeed, whole-
cell patch-clamp recordings revealed a significantly higher
current threshold and a dramatic rightward shift of input-
output curves in stimulated neurons (Fig. S1), indicating a de-
crease in neuronal excitability. In parallel to this, the input
resistance (Rin) decreased significantly, which could not be
explained by changes in hyperpolarization-activated currents
(Ih) or barium-sensitive potassium conductances, but is caused,
in large part, by a change in tonic GABAAR conductance
(Fig. S2). Throughout our experiments we have used gabazine
(SR95531; 10 μM) to block GABAA receptors, which only has a
limited effect on tonic GABAA conductances (26–28). Blocking
both synaptic and tonic GABAAR conductances with Picrotoxin
(100 μM) lead to a significant reduction in threshold current
and a large leftward shift of the input-output curve of ChR2-
stimulated neurons (Fig. S3). This finding suggests that a tonic
GABAAR conductance is regulated in an activity-dependent
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Fig. 1. Axo-axonic synapses in organotypic hippocampal slices. (A) A ChR2-
transfected CA3 pyramidal neuron, stained with AnkG (magnification). Start,
maximum, and end position of the AIS was determined using the fluorescent
intensity of the AnkG label along the axonal process. (Scale bar, Left: 20 μm.)
(B) VGAT and AnkG staining in the CA3 and CA1 regions of the hippocam-
pus. (C) AIS length and number of VGAT puncta on AISs in the CA3 and CA1
regions (means ± SEM; *P < 0.05; n = 16 CA1; n = 17 for CA3 AIS length; n =
12 for CA3 puncta). (D) GABAAα2 and AnkG staining in the CA3 region.
Arrows indicate apparent holes in the AnkG staining, filled with GABAaα2
puncta. (E) Magnification of boxed areas as shown in D. Fluorescent in-
tensity traces were taken through AIS and puncta as indicated by the white
lines. (Scale bars, 20 μm.) (F) CA3 pyramidal neuron expressing ChR2-YFP in
Nkx2.1CreER::Ai9 mouse showing chandelier cell boutons along its axon
(arrows). AIS position is marked with arrowheads (Right). Dotted vertical line
indicates image concatenation.
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manner and can account for much of the drop in neuro-
nal output.
Axo-Axonic Synapses Do Not Change Position After AIS Plasticity.Do
axo-axonic synapses that form onto the AIS of CA1 pyramidal
neurons also relocate after chronic stimulation? Stimulated
neurons were stained for AnkG and the synaptic markers VGAT
and GABAAα2. We found that although the AIS did relocate,
the GABAergic synapses did not change position (Fig. 2 E–H)
(19). The distribution of VGAT and GABAAα2 terminals along
the axon was identical to control neurons, suggesting that axo-
axonic synapses are controlled independently of the AIS. A
distribution of synapse position relative to the start of the AIS
shows a shift in stimulated neurons compared with controls, with
synapses being left behind in the space between the start of the
AIS and the soma. Importantly, the distal relocation of the AIS
did not lead to a major change in the number of synapses that
form along it, because GABAergic synapses are also found be-
yond the AIS in unstimulated neurons (Fig. 1F and Fig. S4) (19,
23). We also saw no difference in the colocalization of pre- and
postsynaptic markers, precluding the possibility that postsynaptic
compartments moved with the AIS leaving orphan presynaptic
boutons behind (or vice versa).
An Optimal Spatial Arrangement of the AIS and Its Synapses for
Downregulating Neuronal Activity. To establish whether this mis-
match between axo-axonic synapses and the AIS has a functional
role, we used a simple model of a CA1 neuron that contained a
well-defined AIS and axo-axonic synapses at the same density to
that observed in our experiments (Fig. 3A) (29). Our model
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Fig. 2. Chronic stimulation of CA1 pyramidal neurons leads to a change in AIS, but not in axo-axonic synapse position. (A) ChR2-transfected CA1 pyramidal
neurons in organotypic slices were stimulated with LEDs for 48 h. (B) AnkG stain in GFP control neurons and ChR2-stimulated neurons. Arrows indicate start
and end position of the AIS, white line indicates axon origin. (C) The AIS position in control and chronically stimulated neurons, measured from axon origin or
from soma (n = 15 GFP cells, n = 16 ChR2-stimulated cells). (D) AIS length in control and chronically stimulated neurons (n as in C). (E) VGAT, GABAAα2, and
AnkG staining in GFP control neurons (Upper) or ChR2-stimulated neurons (Lower). Arrows point to axo-axonic synapses overlapping with the AIS in 3D. The
AIS position is marked with arrowheads. (F and G) Empirical cumulative distribution functions of VGAT (F) and GABAAα2 (G) puncta positions relative to the
soma or to the AIS start (VGAT: n = 136 synapses, 14 cells control; n = 109 synapses, 14 cells ChR2-stimulated; GABAAα2: n = 207 synapses, 14 cells control; n =
183 synapses, 14 cells ChR2-stimulated). (H) Number of VGAT and GABAAα2 puncta observed between the soma and the AIS as well as on the AIS in control
and light-stimulated neurons (n = 14 cells). All error bars represent SEM; *P < 0.05, **P < 0.01, ***P < 0.001.
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compared a control neuron with the two conceivable arrange-
ments after AIS relocation: (i) a neuron with a distal AIS and
proximal synapses, resulting in a mismatch as observed ex-
perimentally; and (ii) a neuron with a distal AIS and distal
synapses, so that both remain in register with each other. Acti-
vating GABAARs in these three conditions revealed important
functional consequences on neuronal output and highlights the
critical importance of synapse location relative to the AIS.
Neurons with a distal AIS and proximal synapses (mismatched)
showed delayed APs that were smaller in amplitude compared
with controls. On the other hand, neurons with a distal AIS and
distal synapses (in register) showed a shorter lag to the first AP
and a change in amplitude that was highly dependent on the
levels of GABAAR activation (Fig. 3 C and D). Importantly, the
delays in AP firing were within the time-domain (tens of milli-
seconds) important for spike-timing–dependent plasticity rules
that, when combined with changes in AP amplitude, will have
important consequences for long-term forms of synaptic plas-
ticity. Finally, we also found that neurons with a distal AIS, but
proximal synapses had a higher current threshold, whereas those
with distal synapses actually showed a lower current threshold
compared with controls (Fig. 3E).
Discussion
The findings presented here show that optogenetic activation of
CA1 pyramidal neurons in the hippocampus resulted in a distal
relocation of the AIS, but no change in the position of axo-
axonic synapses, creating a mismatch between the AIS and its
GABAergic inputs. More importantly, our model predicts that
this configuration has multiple and far-reaching effects on AP
initiation and properties, including modulation of the timing and
amplitude of back-propagating APs, both of which are likely
to affect long-term plasticity of synaptic inputs. The current
threshold to short stimuli is also increased, making it more ef-
ficient at filtering out depolarizing synaptic inputs, thus resulting
in a homeostatic decrease in neuronal excitability. Interestingly,
our model predicted that a relocation of the synapses together
with the AIS would have had the opposite effect, an increase in
neuronal excitability compared with controls. It appears that the
dissociation between the AIS and its axo-axonic synapses leads to
an optimal configuration for a homeostatic response to long-
term stimulation. Our findings reveal a novel form of plasticity
where the position of synapses and their target can be modified
with exquisite precision to fine-tune neuronal output.
Distribution of Axo-Axonic GABAergic Synapses in the Hippocampus.
An activity-dependent change in AIS position has previously
been reported in dissociated hippocampal neurons (17). Here we
show, to our knowledge for the first time, that a similar form of
plasticity also occurs in CA1 neurons in organotypic slices, a
preparation where the architecture of the network and its con-
nections is preserved. In addition, slices can be taken from post-
natal tissue, assuring that the late-born chandelier cells have
migrated to the hippocampus before slice preparation (9). As a
result, we were able to visualize the GABAergic axo-axonic syn-
apses made by chandelier neurons onto the AIS of pyramidal cells
and follow their behavior during AIS plasticity. Axo-axonic synapses
formed all along the AIS and were not biased toward the distal end,
as observed in cortical neurons. Strikingly, we also observed that
synapses were not spatially constrained to the AIS but extended
beyond it (19, 23). Although it is unclear what role these synapses
play, it is likely that they modulate AP propagation down the axon.
In the context of AIS plasticity, these synapses ensure that the AIS
is still innervated even after it relocates distally, so that axo-axonic
synapses can continue to modulate neuronal output.
Along the axon of CA3 neurons, axo-axonic synapses often
fitted in the gaps or holes in the AnkG stain of the AIS. This
punctured distribution of AnkG has been previously described in
a number of different neurons, including in CA1 and CA3 cells,
using superresolution structured illumination microscopy (24).
The gaps in AnkG were filled mainly by clusters of the voltage-
gated potassium channel Kv2.1, the cisternal organelle marker
synaptopodin, and GABAergic synapses. Further high-resolution
imaging will need to be done following activity-dependent AIS
relocation, especially on the thin axons of CA1 pyramidal cells, to
establish what happens to the ultrastructure of the AIS, its syn-
apses, and other proteins associated with axo-axonic synapses. The
Kv2.1 channel is particularly interesting because it does not have
an AnkG binding domain (unlike other ion channels at the AIS)
and undergoes an activity-dependent dispersion (loss of cluster-
ing) and change in gating properties thought to be homeostatic in
nature (30, 31). These events are calcineurin-dependent (30),
much like the AIS relocation in dissociated neurons (16), imply-
ing that similar signaling cascades may be acting on both
A B
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Fig. 3. Computational model examining the effect of axo-axonic synapse
position on APs. (A) GABAergic synapses were evenly spaced along the axon
starting at 2 μm from the soma in the control and “AIS distal” scenario. In
the third scenario the synapses were displaced distally together with the AIS.
(B) APs elicited by a current pulse in the three scenarios. (C) Peak AP voltage
(Left) and difference in peak voltage compared with control (Right), for
varying GABAAR conductance. (D) Time to AP peak (Left) and difference in
time to peak compared with control (Right). (E) Current threshold in re-
sponse to a short, 3-ms current injection (Left) and difference in current
threshold compared with control (Right).
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compartments and could thus be responsible for the mismatch
between axo-axonic synapses and the AIS observed here.
Our data strongly suggest that there are two spatial domains
at the AIS with distinct molecular identities, one based on the
scaffolding protein AnkG and the other on the GABAergic
scaffolding protein gephyrin. However, recent data in hip-
pocampal neurons has shown that AnkG is generally found
adjacent to GABAergic synapses in the somatodendritic com-
partment and actually interacts with it through its binding
of GABARAP (32). The interaction with AnkG is thought to
stabilize GABAergic synapses by opposing endocytosis of
GABARs (32). Although we found that AnkG levels in
the space between the AIS and the soma were either stron-
gly reduced or absent following AIS relocation, in many of
our images we do still see weakly labeled clusters of AnkG
staining, which may be sufficient to stabilize the synapses left
behind after the relocation of AnkG. Alternatively, these
particular synapses may not need AnkG to remain stable.
Purkinje cells, for example, show no AnkG label in the soma
(32), yet they still receive inhibitory inputs, suggesting that
the presence of AnkG is not always a prerequisite for a stable
GABAergic synapse. In any case, our data did not reveal
a change in the number of axo-axonic synapses, although
whether the strength of these synapses changed remains to be
established (33–35). Previous work has shown that seizures in
the brain can lead to a loss of both axo-axonic and axo-so-
matic GABAergic inputs that may then lead to intractable
forms of epilepsy (36, 37). Most of this can be explained by a
loss of interneurons through excitotoxic damage, likely caused
by the high levels of activity in the network. Our experimen-
tal procedure made sure that activity was only increased
in single pyramidal cells, by using optogenetic stimulation
of pharmacologically isolated neurons. As a result, only cell-
autonomous events would be induced that would bypass
network hyperactivity and therefore avoid interneuron ex-
citotoxicity.
AIS Plasticity and Neuronal Output. We observed that CA1 neu-
rons lowered their excitability levels after long-term stimu-
lation. This result is likely because of the change in AIS
position, as well as the decrease in Rin. We also found that the
shape of the AP changed. The second derivative of the AP in
control neurons showed two clear peaks that correspond to
the axonal and somatic AP, in that order, and these two peaks
were found further apart in stimulated neurons with a more
distal AIS (Fig. S5 C and D). The simplest explanation for this
delay in the second peak is the larger distance that the AP
needs to travel as it back-propagates to the soma. In fact,
taking the 12-μm distal relocation of the AIS measured
structurally together with the 60-μs increase in delay between
the peaks results in an AP propagation speed of 0.2 m/s. This
finding is in line with previous measures of AP propagation
along unmyelinated axons in the hippocampus (38–40) and
was also confirmed in our model, where relocating the AIS
caused a similar delay in the second peak (Fig. S6A).
Importantly, our computational model also allowed us to
investigate the consequence of GABAergic synapse position on
neuronal output and explore different scenarios. It revealed
that moving the AIS distally could have opposite effects on AP
generation, depending on the position of axo-axonic synapses.
When the AIS is moved distally while leaving axo-axonic syn-
apses close to the soma, AP amplitude decreased and latency
to the first AP as well as current threshold increased, all
indicating a decrease in excitability compared with controls.
However, if the synapses were to relocate together with the
AIS, moving away from the soma, we found an opposite effect
on these parameters, suggesting an increase in excitability
compared with controls. One possible explanation for this
surprising result is that proximal synapses create a shunt that will
partially prevent the charging of the membrane in response to
depolarizing inputs and will affect both axonal and nearby so-
matic membranes. As a result, sodium channels in both com-
partments will be affected. However, if synapses are moved
distally, the shunting effect is also displaced away from the soma,
resulting in modulation occurring mainly at the AIS and less so
at the soma. Although the AP in our model is initiated at the
distal end of the AIS, where membrane conditions are ideal for
spike initiation, somatic sodium channels also contribute to AP
generation and AP shape in the soma. Proximal synapses will
thus prevent activation of both somatic and AIS sodium chan-
nels, whereas distal synapses will preferentially act on AIS
channels only, resulting in the opposing effects on AP properties
shown in this study.
In conclusion, the distal relocation of the AIS together with
the proximal distribution of axo-axonic synapses results in the
ideal configuration for decreasing neuronal excitability of CA1
pyramidal neurons, and thus for a homeostatic response to long-
term stimulation.
Experimental Procedures
For extended procedures and methods, see SI Experimental Procedures.
Organotypic Slice Preparation. Organotypic hippocampal slice cultures were
prepared from 7-d-oldmale Sprague-Dawley rats (Charles River), as described
previously (41). After 1 d in vitro, slices were transfected using a Helios Gene
Gun (Bio-Rad). The target DNA was either eGFP or ChR2–YFP [pLenti-Syn-
apsin- hChR2(H134R)-EYFP-WPRE, a gift from K. Deisseroth, Stanford Uni-
versity, Stanford, CA (web.stanford.edu/group/dlab/optogenetics/)].
Transgenic Mice. Nkx2.1CreER mice (9) were crossed with the Ai9 reporter line
(42), both obtained from Jackson Laboratories. Animals were bred and
housed in accordance with the United Kingdom Animals (Scientific Pro-
cedures) Act (1986). Tamoxifen was dissolved in corn oil (30 mg/mL) at 37 °C
with constant agitation. It was delivered by intraperitoneal injection into
pups at postnatal day 2, at a dose of 100 μg/g of body weight. Organotypic
slices were then prepared at postnatal day 7, as described above.
ChR2 Photostimulation. For photostimulation experiments, six-well culture
plates were placed on top of a custom-built heat sink and LED assembly after
4 d in vitro, for 48 h. Flashes were delivered at 40% LED intensity for 20 ms in
bursts of five at 20 Hz, every 5 s, ensuring at least one spike per stimulus in all
ChR2+ neurons (Fig. S7).
Image Analysis. Hippocampal slices were fixed, stained, and imaged using
standard immunohistochemistry techniques. A line profile was drawn along
the axon, through and past the AIS, in 3D using the ImageJ plugin Simple
Neurite Tracer. Images and traces were imported into Matlab (Mathworks)
for analysis using custom-written functions, as described previously (17). For
semiautomated synapse detection, the trace along the axon was broadened
to be 1.5 μm in diameter. After background subtraction, synapses were
identified in each z-frame using edge detection. The list of synapses was
then curated manually and only those that overlapped with the broadened
axon trace were included in the final dataset.
Statistics. Exact P-Values and statistical tests are given in Table S1.
Mathematical Modeling. A model CA1 pyramidal neuron was implemented
within the simulation software NEURON 7.3 (43). All compartments were
equipped with ionic channels as described previously (29). The density of
each channel type (Table S2) was adjusted to fit experimental results. The
inhibitory input consisted of 10 synaptic sites regularly spaced every 4 μm
along the axon, with the first synapse being placed 2 μm from the soma.
ACKNOWLEDGMENTS. We thank K. Deisseroth for the channelrhodopsin-2
construct; M. Kotsogianni for assistance with tissue culture; A. S. Lowe and
J. Mukanowa for assistance with LED photostimulation; and M. S. Grubb,
G. Neves, and C. J. Akerman for comments on the manuscript. This work was
supported by a Wellcome Trust Investigator award, a European Research
Council Starting Grant, and a Lister Prize fellowship (to J.B.).
Wefelmeyer et al. PNAS | August 4, 2015 | vol. 112 | no. 31 | 9761
N
EU
RO
SC
IE
N
CE
1. Debanne D, Campanac E, Bialowas A, Carlier E, Alcaraz G (2011) Axon physiology.
Physiol Rev 91(2):555–602.
2. Bender KJ, Trussell LO (2012) The physiology of the axon initial segment. Annu Rev
Neurosci 35:249–265.
3. Yoshimura T, Rasband MN (2014) Axon initial segments: Diverse and dynamic neu-
ronal compartments. Curr Opin Neurobiol 27:96–102.
4. Grubb MS, et al. (2011) Short- and long-term plasticity at the axon initial segment.
J Neurosci 31(45):16049–16055.
5. Grubb MS, Burrone J (2010) Building and maintaining the axon initial segment. Curr
Opin Neurobiol 20(4):481–488.
6. Inan M, Anderson SA (2014) The chandelier cell, form and function. Curr Opin Neu-
robiol 26:142–148.
7. Somogyi P, Freund TF, Cowey A (1982) The axo-axonic interneuron in the cerebral
cortex of the rat, cat and monkey. Neuroscience 7(11):2577–2607.
8. Somogyi P, Nunzi MG, Gorio A, Smith AD (1983) A new type of specific interneuron in
the monkey hippocampus forming synapses exclusively with the axon initial segments
of pyramidal cells. Brain Res 259(1):137–142.
9. Taniguchi H, Lu J, Huang ZJ (2013) The spatial and temporal origin of chandelier cells
in mouse neocortex. Science 339(6115):70–74.
10. Zitman FM, et al. (2014) Dentate gyrus local circuit is implicated in learning under
stress—A role for neurofascin. Mol Neurobiol, 10.1007/s12035-014-9044-7.
11. Viney TJ, et al. (2013) Network state-dependent inhibition of identified hippocampal
CA3 axo-axonic cells in vivo. Nat Neurosci 16(12):1802–1811.
12. Molnár G, et al. (2008) Complex events initiated by individual spikes in the human
cerebral cortex. PLoS Biol 6(9):e222.
13. Dugladze T, Schmitz D, Whittington MA, Vida I, Gloveli T (2012) Segregation of
axonal and somatic activity during fast network oscillations. Science 336(6087):
1458–1461.
14. Woodruff AR, Anderson SA, Yuste R (2010) The enigmatic function of chandelier cells.
Front Neurosci 4:201.
15. Woodruff AR, et al. (2011) State-dependent function of neocortical chandelier cells.
J Neurosci 31(49):17872–17886.
16. Evans MD, et al. (2013) Calcineurin signaling mediates activity-dependent relocation
of the axon initial segment. J Neurosci 33(16):6950–6963.
17. Grubb MS, Burrone J (2010) Activity-dependent relocation of the axon initial segment
fine-tunes neuronal excitability. Nature 465(7301):1070–1074.
18. Kuba H, Oichi Y, Ohmori H (2010) Presynaptic activity regulates Na(+) channel dis-
tribution at the axon initial segment. Nature 465(7301):1075–1078.
19. Muir J, Kittler JT (2014) Plasticity of GABAA receptor diffusion dynamics at the axon
initial segment. Front Cell Neurosci 8:151.
20. Chand AN, Galliano E, Chesters RA, Grubb MS (2015) A distinct subtype of dopami-
nergic interneuron displays inverted structural plasticity at the axon initial segment.
J Neurosci 35(4):1573–1590.
21. Somogyi P (1977) A specific ‘axo-axonal’ interneuron in the visual cortex of the rat.
Brain Res 136(2):345–350.
22. Nusser Z, Sieghart W, Benke D, Fritschy JM, Somogyi P (1996) Differential synaptic
localization of two major gamma-aminobutyric acid type A receptor alpha subunits
on hippocampal pyramidal cells. Proc Natl Acad Sci USA 93(21):11939–11944.
23. Inan M, et al. (2013) Dense and overlapping innervation of pyramidal neurons by
chandelier cells. J Neurosci 33(5):1907–1914.
24. King AN, Manning CF, Trimmer JS (2014) A unique ion channel clustering domain on
the axon initial segment of mammalian neurons. J Comp Neurol 522(11):2594–2608.
25. Thome C, et al. (2014) Axon-carrying dendrites convey privileged synaptic input in
hippocampal neurons. Neuron 83(6):1418–1430.
26. Stell BM, Mody I (2002) Receptors with different affinities mediate phasic and tonic
GABA(A) conductances in hippocampal neurons. J Neurosci 22(10):RC223.
27. Semyanov A (2003) Cell type specificity of GABA(A) receptor mediated signaling in
the hippocampus. Curr Drug Targets CNS Neurol Disord 2(4):240–247.
28. Wlodarczyk AI, et al. (2013) GABA-independent GABAA receptor openings maintain
tonic currents. J Neurosci 33(9):3905–3914.
29. Royeck M, et al. (2008) Role of axonal NaV1.6 sodium channels in action potential
initiation of CA1 pyramidal neurons. J Neurophysiol 100(4):2361–2380.
30. Misonou H, et al. (2006) Bidirectional activity-dependent regulation of neuronal ion
channel phosphorylation. J Neurosci 26(52):13505–13514.
31. Misonou H, Trimmer JS (2004) Determinants of voltage-gated potassium channel
surface expression and localization in Mammalian neurons. Crit Rev BiochemMol Biol
39(3):125–145.
32. Tseng WC, Jenkins PM, Tanaka M, Mooney R, Bennett V (2015) Giant ankyrin-G sta-
bilizes somatodendritic GABAergic synapses through opposing endocytosis of GABAA
receptors. Proc Natl Acad Sci USA 112(4):1214–1219.
33. Karmarkar UR, Buonomano DV (2006) Different forms of homeostatic plasticity are
engaged with distinct temporal profiles. Eur J Neurosci 23(6):1575–1584.
34. Maffei A, Nataraj K, Nelson SB, Turrigiano GG (2006) Potentiation of cortical in-
hibition by visual deprivation. Nature 443(7107):81–84.
35. Hartman KN, Pal SK, Burrone J, Murthy VN (2006) Activity-dependent regulation of
inhibitory synaptic transmission in hippocampal neurons. Nat Neurosci 9(5):642–649.
36. Sayin U, Osting S, Hagen J, Rutecki P, Sutula T (2003) Spontaneous seizures and loss of
axo-axonic and axo-somatic inhibition induced by repeated brief seizures in kindled
rats. J Neurosci 23(7):2759–2768.
37. Dinocourt C, Petanjek Z, Freund TF, Ben-Ari Y, Esclapez M (2003) Loss of interneurons
innervating pyramidal cell dendrites and axon initial segments in the CA1 region of
the hippocampus following pilocarpine-induced seizures. J Comp Neurol 459(4):
407–425.
38. Kress GJ, Dowling MJ, Meeks JP, Mennerick S (2008) High threshold, proximal initi-
ation, and slow conduction velocity of action potentials in dentate granule neuron
mossy fibers. J Neurophysiol 100(1):281–291.
39. Meeks JP, Mennerick S (2007) Action potential initiation and propagation in CA3
pyramidal axons. J Neurophysiol 97(5):3460–3472.
40. Schmidt-Hieber C, Jonas P, Bischofberger J (2008) Action potential initiation and
propagation in hippocampal mossy fibre axons. J Physiol 586(7):1849–1857.
41. Stoppini L, Buchs PA, Muller D (1991) A simple method for organotypic cultures of
nervous tissue. J Neurosci Methods 37(2):173–182.
42. Madisen L, et al. (2010) A robust and high-throughput Cre reporting and character-
ization system for the whole mouse brain. Nat Neurosci 13(1):133–140.
43. Hines ML, Carnevale NT (1997) The NEURON simulation environment. Neural Comput
9(6):1179–1209.
9762 | www.pnas.org/cgi/doi/10.1073/pnas.1502902112 Wefelmeyer et al.
